Clostridium thermocellum, a thermophilic, anaerobic, cellulolytic bacterium, produces an extracellular multienzyme complex termed cellulosome (2, 4, 7, 8, 14, 27, 43) . This complex leads to an efficient solubilization of crystalline cellulose by numerous cellulases, which have endoglucanase and cellobiohydrolase (exoglucanase) activities. At present, more than 20 catalytically active subunits of the C. thermocellum cellulosome have been sequenced (6, 44) . In addition to cellulases, there are also subunits that contain xylanase, mannanase, chitinase, and ␤-1,3-glucanase (lichenase) activities. In spite of these latter activities, C. thermocellum strain YS utilizes only cellulose and its degradation products (i.e., mainly cellobiose) as carbon sources (30, 38, 45) . This bacterium was shown to grow on a limited number of other carbon sources (i.e., glucose, fructose, and sorbitol) but only after a relatively long adaptation period (21) . It is likely that during this period, strains with mutations in their transport systems appear spontaneously with the ability to grow on the alternative carbon source (39) .
Little is known how individual components of the complex are regulated. In an early work, it was shown that growth of C. thermocellum on cellobiose versus crystalline cellulose resulted in a different profile of cellulosomal components (5) . In this context, the overall cellulase activity of cellulose-grown cells was shown to be higher than that of cellobiose-grown cells (5, 10, 11, 28) . In another study, the transcriptional expression level of selected cellulosomal genes of a cellobiose-grown culture was examined. Theses genes included celA (cel8A), celD (cel9A), and celF (cel9B), and their transcripts could be detected not earlier than the late exponential phase, where cells presumably started to be limited on cellobiose (32) . It was therefore suggested that the expression of cellulosomal cel genes was regulated by a mechanism analogous to catabolite repression. Transcriptional start site analysis of celD indicated involvement of sigma factors, based on homology to the consensus sequence of the A and D promoters of Bacillus subtilis. In this respect, a D homologue has also been found in Clostridium acetobutylicum (42) .
The previous works thus indicate that cellulosomal genes are affected by cellobiose concentration and/or phase of growth. In the present work, we studied the regulation of a critically important subunit, CelS (Cel48A), of the C. thermocellum cellulosome. This family 48 glycoside hydrolase is the most abundant cellulosomal enzyme subunit from this and other cellulosome-producing clostridia. CelS exhibits exoglucanase activity, and its activity is strongly inhibited by the presence of cellobiose (24, 25, 34, 36) . The enzyme was sequenced (46) , and its crystal structure was elucidated (17) . In the present study, the regulation of expression of celS was studied under different physiological conditions, and the promoter region was characterized by primer extension analysis. The results established that this critical cellulosomal gene is regulated by growth rate.
MATERIALS AND METHODS
Organism, substrates, and culture conditions. C. thermocellum YS was originally isolated from soil samples obtained at the hot springs of Yellowstone National Park (3, 28, 29) . Cells were grown in batch culture at 60°C in Duran anaerobic bottles (Schott, Mainz, Germany), in medium containing the following ingredients (per liter): 0.65 g of K 2 HPO 3 · 3H 2 O, 0.5 g of KH 2 PO 4 , 1.3 g of (NH 4 )SO 4 , 42 g of morpholinopropane sulfonic acid (MOPS), 5 g of yeast extract, 1 g of cysteine, 0.5 g of MgCl 2 , and 2 mg of resazurin. The medium included the desired carbon source (1.0%), either cellobiose from Acros Organics (Geel, Belgium) or microcrystalline cellulose (Avicel), obtained from TevaPharmaceutical Industries (Kfar Sava, Israel). Continuous cultures were performed in a BIOFLO 3000 fermentor (New Brunswick Scientific, Edison, N.J.) in a working volume of 1.5 liters at 60°C. A pH of 7.2 was maintained by automatic addition of 5 N NaOH. Agitation was kept constant at 100 rpm. To maintain anaerobic conditions, the headspace of the bioreactor contained 99.99% CO 2 for initial growth and then changed to 99.99% N 2 while starting continuous culture. Continuous cultures were operated under conditions of either cellobiose (2 g/ liter) or nitrogen [0.04 g of (NH 4 )SO 4 per liter] limitation, whereby C. thermocellum was adapted to different growth rates. It should be noted that C. thermocellum cannot utilize nitrogen or carbon from the yeast extract.
Preparation of extracellular material, cell-associated material, and purified cellulosome. Extracellular (cell-free) material was obtained from the growth cultures by centrifuging the cells at 10,000 ϫ g for 10 min. The supernatant fluids were collected and kept at Ϫ20°C in order to measure enzyme activity. When required, the supernatant fluids were concentrated by ultrafiltration using an Amicon PM10 membrane. Gel filtration was performed on either a Sepharose CL-4B column (1.3 by 77 cm) at room temperature, using a solution of 50 mM Tris-HCl buffer, 100 mM NaCl (pH 7.5), and 0.05% NaN 3 at a flow rate of 0.5 ml/min, or on a Superose 6 column, using a fast protein liquid chromatography system (Pharmacia, Uppsala, Sweden). The samples were stored at Ϫ20°C for sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblot analyses.
The precipitated cells (cells from 10 ml of culture in each tube) were washed twice with 10 mM Tris-HCl buffer (pH 7.5), and the pellets were snap-frozen in liquid nitrogen for RNA analyses and stored at Ϫ80°C.
N-terminal amino acid analysis. For amino-terminal sequencing, cellulosome samples were subjected to SDS-PAGE and transferred to a polyvinylidene fluoride membrane (Applied Biosystems, Foster City, Calif.). The Coomassie bluestained band was excised from the blot, and the amino-terminal sequence of the polypeptide was determined by Edman degradation (Applied Biosystems).
RNA extraction. Total RNA was extracted from cells, using the RNeasy kit (Qiagen GmbH, Hilden, Germany) with minor modifications. Pellets of about 10 9 cells were suspended in 200 l of lysis buffer (30 mM Tris-HCl [pH 7.5], 100 mM NaCl, 5 mM EDTA, 1% SDS). After incubation at 37°C for 30 min, the samples were sonicated (sonicator model W-375; Heat System-Ultrasonics Inc.) and centrifuged for 2 min at 12,000 ϫ g, and the supernatant was loaded onto the column supplied in the kit. The remainder of the procedure was performed as recommended by the manufacturer. The concentration of RNA was determined by measuring A 260 , and the resultant RNA preparations were stored in aliquots at Ϫ80°C after snap-freezing in liquid nitrogen.
RPA. The RNase protection assay (RPA) was performed using an RPAII kit (Ambion Inc., Austin, Tex.). Different amounts (0.5 to 3 g) of RNA were hybridized with 32 P-labeled antisense probe, and the protected RNAs were placed directly in a scintillation counter for quantification. The material was then separated on 5% polyacrylamide gels containing 7 M urea and visualized using a phosphorimager system. Labeling was performed by a Maxiscript in vitro transcription kit (Ambion), using T7 RNA polymerase. Transcription was accomplished using a construct containing a DNA fragment of the celS gene (spanning from Ϫ380 bp to ϩ 48 bp relative to the initial ATG site) cloned into pBluescript II KS(ϩ) (Stratagene, La Jolla, Calif.).
Northern blotting. Northern hybridization of celS mRNA was performed by the method of Sambrook and Russell (41) . The RNA was denatured in 50% formamide and 6% formaldehyde, and 15 g of total RNA was loaded and subjected to electrophoresis on a 1% agarose gel containing 6% formaldehyde. The separated RNA was blotted onto a nitrocellulose membrane (Schleicher & Schuell, Inc., Keene, N.H.). The radioactive probe was prepared by random primer labeling, using the construct described above for RPA.
Determination of the amount of RNA per cell. The amount of RNA was established for each of the cultures in which the transcript level of celS was determined. The pellet derived from a 30-ml culture was washed in 10 mM Tris-HCl (pH 7.6) and resuspended in 10 ml of 10% cold trichloroacetic acid (TCA). The suspension was kept on ice for 30 min. The supernatant fluids were discarded after 10 min of centrifugation at 10,000 ϫ g. Cells were then resuspended in 5% TCA and centrifuged, and the pellet was dissolved gently in 1.5 ml 0.1 N NaOH using a sealed Pasteur pipette. The samples were incubated overnight at 37°C to allow complete hydrolysis of RNA. The solution was neutralized by 1 ml of 10% TCA, incubated for 15 min on ice, and centrifuged. To determine the RNA concentration in the sample, 1 volume of appropriately diluted supernatant fluid was mixed with 1 volume of orcinol reagent (1% orcinol dissolved in 0.1% FeCl 3 in concentrated HCl), and the solution was boiled for 15 min. After the tubes were cooled under running tap water, 2 volumes of distilled water were added. The absorbance was recorded at two wavelengths, 600 nm (background) and 660 nm (background plus green complex). To determine the concentration of RNA or nucleotide, a deoxyadenosine solution of 50 g/ml was used as a standard. Since the results are obtained as purine riboside equivalents of RNA, the values were doubled to obtain nucleotide equivalents (purines plus pyrimidines) and multiplied by the average nucleotide molecular weight. To determine the amount of total RNA per cell per culture, cells were counted using a Petroff-Hausser counting chamber.
Primer extension. Primer extension with reverse transcriptase (avian myeloblastosis virus reverse transcriptase in the presence of RNasin RNase inhibitor [Promega, Madison, Wis.]) was performed according to the manufacturer's instructions. A synthetic oligonucleotide probe (5Ј-TTCTCTCCATCTTCCCC-3Ј) was end labeled by T4 polynucleotide kinase (Fermentas, Hanover, Md.) and hybridized to a complementary coding region downstream of the ATG translation start site of celS. A 50-g sample of mRNA, obtained from the desired cell culture, was heated for 1 min at 90°C and hybridized for 2 min at 60°C with approximately 500,000 cpm of the labeled probe. Extension with reverse transcriptase was performed essentially by the method of Moran (37) . Products of primer extension were analyzed on 6% acrylamide-8 M urea sequencing gel, together with sequencing reactions derived from the same oligonucleotide.
Enzyme assay. Carboxymethyl cellulase (CMCase) activity was determined using a 1-ml assay mixture which contained 4% carboxymethyl cellulose (Sigma Chemical Co., St. Louis, Mo.) dissolved in 50 mM acetate buffer (pH 5) and 50 mM CaCl 2 . To this mixture, 5 l of a cellulosome preparation (diluted appropriately) was added, and the samples were incubated at 60°C. At predetermined time intervals, 0.1-ml samples were examined for the presence of reducing sugars by the dinitrosalicylic acid procedure (31) . Amorphous cellulase (28) and crystalline cellulase (22) activities were assayed in an identical manner, using 1% of the appropriate substrate, i.e., acid-swollen cellulose and microcrystalline cellulose (Avicel), respectively.
Miscellaneous methods. SDS-PAGE was performed as described earlier (26) . Immunoblotting was performed by the method of Morag et al. (36) . Protein concentration was estimated spectrophotometrically (12) .
RESULTS

Effect of carbon source on the cellulosomal subunit profile.
Previous results showed that the composition of the extracellular cellulosome differed as a function of the growth conditions (5, 23) . In order to examine this phenomenon further, the cellulosome obtained from the supernatant of cultures grown on cellobiose to the late stationary phase (after 72 h of growth) was compared with that derived from cellulose-grown cells. The most prominent difference as revealed by SDS-PAGE analysis was a dramatic reduction of the CelS band in cellobiose-grown cells compared to cellulose-grown cells. In contrast, an enhancement of a 67-kDa band was observed upon growth on cellobiose (Fig. 1) .
It was important to verify that the CelS subunit was indeed lacking from the cellulosome derived from cellobiose-grown cells, and not present as a truncated version in the 67-kDa band. The cellulosome preparations were thus subjected to immunoblotting with anti-CelS. CelS was found to be the major component of the cellulosome from cells grown on crystalline cellulose (Fig. 1) . In contrast, CelS was almost completely lacking from cellulosomes of cellobiose-grown cells (Fig. 1) . Furthermore, the 67-kDa band was not detected by anti-CelS, indicating that this band is not a truncated version of CelS. The anti-CelS antiserum displays minor cross-reactivity with the scaffoldin, which helps with the unequivocal localization of CelS on the blot.
Characterization of the 67-kDa band. In early experiments, xylanase activity was demonstrated to be associated with the VOL. 185, 2003 GROWTH RATE REGULATION OF celScellulosomal S9 or S10 subunit (35) . A primary candidate for one of the subunits, based on previously published immunochemical evidence and sequence data, is a known cellulosomal xylanase, XynC (1, 19) . In fact, the bands referred to as the S9 and S10 subunits represent at least two proteins. It was thus necessary to clarify the identity of the proteins (i.e., cellulosomal enzymes) associated with these overlapping bands. Consequently, cellulosomal proteins, derived from the exponential phase of cellobiose-grown cells, were separated by 7 to 12% polyacrylamide gradient SDS-PAGE. Two bands could be discerned in the region of the 67-kDa band (Fig. 1) . The identification of the upper band was determined by N-terminal amino acid sequence analysis, in which the first 12 residues (AALIYDDFETGL) were indeed found to be identical to those of XynC, a family 10 glycoside hydrolase. The lower band was subjected to chymotrypsin digestion, whereby two resultant peptides were sequenced (DYPINLGK and MWIDT LVWLADK), thus enabling the identification of two additional cellulosomal subunits, CelB and CelG, both of family 5 glycoside hydrolase. From the known sequences, the calculated molecular weights for the three subunits XynC, CelB, and CelG were 66,147, 61,063, and 59,769, respectively, results that are reasonably consistent with the observed banding profile. Enzymatic activities of the cellulosomes. The enzymatic activities of the different cellulosome preparations were examined (Fig. 2) to determine whether the observed differences in enzyme composition are reflected in the overall action on cellulosic substrates. Cellulosomes prepared from cellulosegrown cells exhibited 3-to 10-fold-higher activities on amorphous cellulose and crystalline cellulose than cellulosomes prepared from cellobiose-grown cells. The differences in crystalline cellulase activities can be explained partly by the changes in the levels of CelS contained in the complex derived from the cellulose-versus cellobiose-grown cells as observed by SDS-PAGE (Fig. 1) . In contrast, the two types of cellulosomes exhibited similar levels of endoglucanase (CMCase) activity, although the levels of the CelB and CelG endoglucanases are higher in cellulobiose-grown cells. These results may indicate significant differences in the cellulosome composition upon growth on cellobiose versus cellulose and the important role of CelS in the degradation of crystalline cellulose as suggested earlier.
Expression of celS at the transcriptional level. Our initial observations (exemplified in Fig. 1 ) indicated that the level of expression of CelS varied during the growth phase of cellobiose-grown cells. Higher amounts of cellulosomal CelS were obtained in mid-exponential phase, whereas in the late stationary phase of growth, no CelS could be detected (Fig. 1, lanes 5  and 2) . However, studying the regulation of the cellulosomal genes at the protein level is problematic, since the cellulosome complex is present in both cell-free-and cell-bound forms. In cellulose-grown cells, at least part of the extracellular cellulosome fraction is absorbed to its substrate. Therefore, to determine the influence of carbon source or growth phase on the expression of celS, further investigations were performed at the transcriptional level. The celS mRNA level was assessed, first in batch cultures, grown either on cellobiose or microcrystalline cellulose during the course of growth.
Aliquots of C. thermocellum were removed at two different points on the growth curve, when cell cultures 1 and 3) or on cellobiose (lanes 2, 4, and 5), were isolated from the culture medium by affinity chromatography on cellulose. The preparations were separated on SDS-6% polyacrylamide gels (1, 2) . Identical samples were transferred electrophoretically to nitrocellulose membranes and labeled with anti-CelS antibodies (3, 4) . A similar cellulosome preparation, derived from cellobiose-grown cells harvested in the mid-exponential phase of growth, was separated on 7 to 12% gradient (Gr.) gel (5). The cellulosomal subunits XynC, CelB, and CelG were identified from polyvinylidene fluoride blots of the latter gel by amino acid sequence analysis. lulose is an insoluble substrate, the cultures were first subjected to vigorous vortexing and centrifuged at 100 ϫ g for 1 min to remove the substrate before measuring turbidity. The maximum growth rates achieved for growth on cellobiose and cellulose were 0.35 and 0.23 h Ϫ1 (i.e., doubling times of 2 and 3 h), respectively. mRNA levels were measured by RPA using a 32 P-labeled antisense RNA probe. The antisense probe was designed to include transcribed and untranscribed portions of the promoter region. In this way, the anticipated protected product would be smaller than the full-length probe, allowing simple verification that chromosomal DNA is not involved in the protection assay. Total RNA was thus extracted from the various samples, and different amounts of RNA were hybridized with the 32 P-labeled celS antisense probe. The hybridized sample was then digested with an RNase cocktail, and after precipitation, the radioactivity of the protected RNA product was measured in a scintillation counter. Subsequently, the RPA products were separated on polyacrylamide gels containing 7 M urea and visualized using phosphorimager autoradiography (Fig. 3) . Based both on the total count and the intensity of the bands obtained from the autoradiograph, the radioactive signal increased linearly with the increase in total RNA within the range of 0.5 to 3 g. From these values combined with the specific activity of the probe and the amount of total RNA used for hybridization, the number of celS transcripts could be determined for 1 g of total RNA. Data were obtained in two independent experiments for each set of conditions, and an average value of 1.8 ϫ 10 Ϫ7 g of total RNA/cell Ϯ 25% was obtained. This value was used to calculate the number of celS mRNA copies per cell for the different conditions used in this study. Higher levels of celS transcripts were obtained during exponential growth on microcrystalline cellulose. These levels were approximately threefold higher than those for exponential growth on cellobiose (i.e., 81 versus 28 transcripts per cell). In the cellulose-grown cell cultures, a dramatic reduction of the transcript levels was observed upon entry to the stationary phase (25 transcripts per cell). The reduction was less marked in cellobiose-grown cultures (20 transcripts per cell). To verify that the antisense RNA probes did indeed interact with the expected transcribed genes, a DNA-labeled probe was used (coding for the mRNA antisense probe) in Northern blot analysis (Fig. 4) . The mRNA transcript of a size consistent with that of celS was labeled (2,400 bases). As can also be seen from Fig. 4 , the observed transcript levels of celS for the different cell samples are consistent with the RPA results.
Transcript level of celS in a chemostat with limited cellobiose. When C. thermocellum was grown in batch culture on cellobiose or cellulose, the observed difference in celS expression was reflected in the different growth rates of the two cultures. The influence of growth rate on celS expression was investigated further in continuous culture.
Continuous culture allowed us to examine the expression of celS under defined steady-state conditions and to study the influence of nutrient limitation (cellobiose or nitrogen) under conditions of different growth rates. Fresh medium was introduced into the fermentor at the appropriate dilution rate between 0.21 to 0.04 h Ϫ1 . At dilution rates higher than 0.21 h Ϫ1 , the cells were washed out of the fermentor, as noted previously (45) . The establishment of steady-state conditions was assumed when the culture had been growing for a period of at least 3 generations in which the cell density (monitored spec- FIG. 3 . RPA for celS-initiated mRNA derived from cellulosegrown C. thermocellum cells. RPAs were performed using RNA from exponential-or stationary-phase cultures grown on crystalline cellulose. Cell samples were harvested and snap-frozen in liquid nitrogen, and total RNA was extracted using the RNeasy kit from Qiagen. Different amounts of RNA (indicated in micrograms above each lane) were hybridized overnight with 50,000 cpm of 32 P-labeled 428-nt antisense celS probe, and then digested with RNase A-RNase T 1 (Promega) for 30 min. The protected RNAs were placed directly in a scintillation counter for quantification and then separated on a 5% polyacrylamide gel containing 7 M urea. The radiolabeled bands were visualized using a phosphorimager system. The expected size of the protected products was 380 nt. 
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GROWTH RATE REGULATION OF celS 3045 trophotometrically) remained unchanged for at least 1 generation. Under conditions of cellobiose limitation (i.e., cellobiose added at a concentration of 2 g/liter), the turbidities were in the range of 0.5 to 0.7 A 660 . The transcript level of celS at a dilution rate of 0.21 h Ϫ1 was more than double that of cellulose-grown cells in batch culture (exponential phase) at a growth rate of 0.23 h Ϫ1 (170 versus 80 transcripts/cell, respectively). Additional decreases in the dilution rate did not lead to a significant increase in the transcript level of this gene. These data indicate that the expression of celS is influenced by growth rate until an observed rate of 0.21 h Ϫ1 . Since the change in dilution rate in continuous culture indirectly reflects cellobiose concentration, we examined the influence of growth rate under nitrogen limitation and excess cellobiose.
Transcript level of celS in a chemostat with limited nitrogen. Continuous cultures with limited nitrogen revealed that the expression of celS increases with reductions in the growth rate (Fig. 5) , similar to that observed above for cultures subjected to cellobiose limitation. In this case, the level of celS increased more than threefold (100 versus 30 transcripts/cell) when the growth rate decreased from 0.14 to 0.07 h Ϫ1 . However, under conditions of nitrogen limitation, a downshift was observed in the overall level of celS expression.
Primer extension analysis. To identify potential regulatory elements that are involved in the transcription of celS, the transcription start site was determined under the conditions described above. Total RNA was extracted from cells in the mid-exponential phase of growth, either on cellobiose or cellulose, or from a continuous culture under cellobiose limitation (dilution rate of 0.04 h Ϫ1 ), and the samples were subjected to primer extension analysis. An appropriate synthetic oligonucleotide probe corresponding to the complementary sequence of a celS gene segment downstream of the initial ATG site (nucleotides [nt] ϩ102 to ϩ118) was used. Two major transcription start sites were obtained at positions Ϫ140 and Ϫ145 bp upstream of the translational start site of celS. Potential promoters (Ϫ35 and Ϫ10) were identified upstream of the transcriptional celS start site (Fig. 6 ). These promoters exhibit homology to known sigma factors (i.e., A and B ) of Bacillus subtilis, although the space between the Ϫ10 and Ϫ35 region is not the usual 17 bp. The relative activity of the two promoters remain constant under the conditions studied, and in agreement with the RPA results, the level of transcriptional activity was inversely proportional to the growth rate.
DISCUSSION
Our biochemical results confirm earlier reports that the family 48 cellobiohydrolase subunit, CelS, is the major component of the C. thermocellum cellulosome (3, 28, 29, 34, 36, (46) (47) (48) . Our results also support a previous study (5) , in which it was observed that growth of cells on cellobiose led to a dramatic decrease in the content of the CelS subunit and concomitant increases in other cellulosomal components. These components were determined in this work to represent XynC, CelG, and/or CelB. On the basis of these results, it would appear that the composition of cellulosomal components is regulated by the growth conditions. However, for numerous reasons, studying gene regulation of cellulosomal subunits at the protein level is problematic. For example, the various cellulosomal subunits exhibit similar levels and types of activities on similar substrates. In many cases, the molecular sizes are very similar and the protein subunits often migrate similarly on SDS-polyacrylamide gels. Many of the subunits share conserved regions in their primary structures (notably in their dockerin sequences) and thus exhibit a high degree of immunogenic cross-reactivity. Moreover, cellulosome preparations are characteristically heterogeneous in their subunit content and distribution among various cell-associated and extracellular fractions. It should also be taken into account that most of the previous studies were conducted in batch culture from which the cellulosome fraction was usually purified at the late stationary phase of growth. At this stage, the conditions in the medium are difficult to define, especially in the case of cells growing on a recalcitrant insoluble substrate, such as cellulose. Consequently, in order to more precisely monitor the regulation of celS, its expression was determined in this work at the transcriptional level and under different well-defined growth conditions.
The level of celS mRNA was measured in cell cultures grown on cellulose or cellobiose and sampled during the exponential phase or in the early stationary phase of growth. The expression of celS was found to be threefold higher in cellulose-grown cells than in cellobiose-grown cells at the mid-exponential phase of growth. The low level of the celS mRNA transcripts during growth on cellobiose is directly proportional to the low levels of "true cellulase activity" in cells grown on cellobiose, compared to cellulose as obtained from this and other studies (15, 18) , thus suggesting the critical involvement of CelS in the breakdown of recalcitrant substrates. Interestingly, the transcript levels of celS decreased in the early stationary phase of cultures grown on insoluble or soluble substrates, in contrast to that reported for other cellulosomal genes, i.e., celA, celD, and celF (32) , thus suggesting that the various cellulosomal genes are regulated differently. Since cellulose is an insoluble polymeric substrate and cannot enter the microbial cell, it must first be degraded by extracellular cellulases to soluble saccharides (mainly cellobiose) which would then be assimilated into the cell. In this context, it appears that the major factor that distinguishes cellobioseversus cellulose-grown cells is the immediate availability of the two substrates. The recalcitrant nature of cellulose as a substrate was reflected in the maximum growth rate ( ϭ 0.23 h Ϫ1 ), which was lower than that of cellobiose-grown cultures ( ϭ 0.35 h Ϫ1 ). The correlation between growth rate and cellulase production was indeed supported by an earlier study (21) , in which enhanced levels of cellulase production were obtained with slow-growing cells (on either crystalline cellulose or during adaptation to growth on unnatural substrates, i.e., fructose or sorbitol). On the other hand, another study (39) that investigated the correlation between cellulase production and various energetic parameters failed to find an obvious relationship with growth rate.
Continuous culture of C. thermocellum under cellobioselimiting conditions verified the connection between growth rate and expression of celS. Growth rates even lower than that observed for cellulose-grown cells were accompanied by further increases in the level of celS transcripts, until a critical rate of 0.21 h Ϫ1 , below which maximum values for expression were achieved. In contrast, during continuous culture under nitrogen limitation, cellobiose is in excess, independent of growth rate. Nevertheless, celS transcription was also increased as a function of decreased dilution rate, thus indicating the importance of growth rate in celS regulation as opposed to cellobiose concentration per se. Interestingly, the relatively low expression of celS under conditions of nitrogen limitation is in accord with the reported reduced expression of extracellular proteins by another cellulosome-producing bacterium under such growth conditions (13, 16) .
Primer extension analysis indicated two major transcription start sites for celS. Consensus sequences, homologous to known promoter sequences for sigma factors ( A and B ) from B. subtilis, were identified upstream of these sites. Both Aand B -like promoters were active in the transcription of celS under all conditions examined, and their activity increased proportionally with increased growth rate. In B. subtilis, A participates in the initiation of transcription of most of the housekeeping genes (20, 40) . A similar primary function may be evident in C. thermocellum, as suggested by the presence of homologous A promoter sequences associated with celS, as shown here, and with other cellulosomal genes (9, 32) . On the other hand, B in B. subtilis is known to play a role in stress responses (33) . However, unlike its presence in the celS promoter, B appears to be lacking in the promoters of the other cellulosomal genes that have been characterized thus far (9, 32) .
In conclusion, celS appears to be regulated at the transcriptional level, and its expression is modulated by growth rate both under conditions of cellobiose and nitrogen limitation. Such conditions also exist in the natural anaerobic thermophilic cellulose-containing ecosystem, which dictates slow rates of growth. During growth of C. thermocellum on recalcitrant cellulose substrates, the family 48 CelS subunit is considered to play an essential and central role in the synergistic action among the other 
